To investigate the causal basis for patterns of seabird foraging distributions during breeding we integrated data from ship-board seabird and zooplankton surveys, aerial radio telemetry, and colony-based research programs. We examined the marine distributions of Cassin's Auklet (Ptychoramphus aleuticus) breeding on Triangle Island, in the Northeast Pacific off the coast of B.C., Canada using surveys conducted in 1999, 2000, and 2001. Concurrently, we sampled zooplankton at 16 stations along a cross shelf transect in the vicinity of Triangle Island. In 1999 and 2000, when populations of the preferred copepod prey Neocalanus cristatus were available at deep-water stations (1000-2000 m), the majority of the auklets were concentrated SW of the colony 40-75 km offshore and parallel to, but 35 −50 km beyond the shelf break in deep water (1200-2000 m). Birds did not fly farther out to sea to where prey was five times more abundant when N. cristatus could be found at lower abundance levels, closer to the colony. In 2001, N. cristatus were virtually absent at the deep-water stations, likely as a result of massive salp (family Salpidae) aggregations which may have consumed and displaced the seabirds' preferred prey. We demonstrate that while birds were still able to locate and provision chicks with N. cristatus in 2001, they had to forage farther away from the colony in order to do so. Our telemetry results are generally consistent with analyses of at-sea distributions of Cassin's Auklets derived from ship-board surveys (1990-2010) both of which have contributed to the design of the proposed Scott Islands marine National Wildlife Area, the first of its kind in Canada.
Introduction
The examination of marine habitat use by breeding seabirds is a fundamental step required to gauge ecosystem function, vulnerability to anthropogenic threats around colonies, and to inform conservation efforts (Hunt et al., 1999; Robinette et al., 2007; Wilson et al., 2009; Nur et al., 2011; Benoit-Bird et al., 2013; Davoren, 2013; Gaston et al., 2013; Lascelles et al., 2015; Manugian et al., 2015; Sydeman et al., 2015; Fifield et al., 2017; Santora et al., 2017) .
In the Northeast Pacific, 26 nautical miles off of Vancouver Island, British Columbia, is Triangle Island, the largest and most diverse seabird colony on Canada's West Coast (Rodway, 1991) . In addition, the world's largest population of Cassin's Auklet (Ptychoramphus aleuticus) breeds on Triangle Island (Rodway and Lemon, 2011 ).
Cassin's Auklets are small seabirds (~180 g) of the family Alcidae that use their wings both for flying and for propulsion underwater in search of prey such as copepods, krill, and small fish. Cassin's Auklet's maximum dive depth averages 22 m, with a mode of 40 m (Burger and Powell, 1990) . Like most seabirds, Cassin's Auklets have long lives Morrison et al., 2011) , delayed maturity, and low reproductive output (females usually lay a single egg per year on colonies in BC). The nestling is fed regurgitations each night by both parents (Hedd et al., 2002) , who carry food in a gular pouch.
Breeding success on Triangle Island has been linked to the timing of availability of large bodied copepod prey in surface waters (Bertram et al., , 2017 Hipfner, 2008) . The preferred Neocalanus copepods exhibit strong seasonal vertical migration linked to their developmental and reproductive cycle. These copepods are 'interzonal migrants' and are therefore only available to diving seabirds for a brief period before the stage V copepodites leave surface waters to reproduce and complete their life cycle at bathypelagic depths (400-700 m, Mackas et al., 1998) . Breeding failures can occur when timing of copepod prey availability and predator breeding are mismatched due to warm ocean temperature anomalies.
Since seabirds are long lived and have many years to breed, life history theory (Roff, 1992; Stearns, 1992) predicts that to maximize lifetime reproductive success parents should limit investment in their current offspring and be reluctant provisioners (cf Drent and Daan, 1980) , particularly in years of poor prey availability, to safe guard themselves for future reproductive efforts (see Burke and Montevecchi (2009) , Jacobs et al. (2013) ). It has been estimated that Cassin's Auklet breeding farther south need to consume 67% of their body mass per day in euphausiids during chick rearing (Hodum et al., 1998) and it is known that breeding birds of the family Alcidae are close to their maximum working capacity and "energetic ceiling" Regular et al., 2014) . In addition, breeding colonial seabirds like Cassin's Auklet are central-place foragers and central-place foraging theory (Orians and Pearson, 1979) predicts that prey items close to the colony will be preferred over prey items distant from the colony (see Elliott et al. (2009)) .
A tracking study using aerial telemetry around Triangle Island demonstrated that the marine foraging distributions (home range estimates) of the auklets during the chick-rearing periods of 1999 and 2000 were similar in size and overlapped but were larger and non-overlapping in 2001 when birds were dispersed more widely and foraged farther from the colony (Boyd et al., 2008) . The telemetry work of Boyd et al. (2008) was part of an integrated ecosystem study which combined ship-based sampling for zooplankton with aerial telemetry to track breeding seabirds, and colony-based research on nestling diet and growth. Here we report the concurrent (1999, 2000, 2001) sampling for zooplankton distribution and abundance along a cross shelf transect, which was designed to pass near Triangle Island (see Figs. 1a, 2a, 3a) .
The objective of our study was to examine the foraging locations and distances from the breeding colony, within and among years, in relation to the distribution and abundance of Neocalanus copepods and euphausiids (Thysanoessa spp. and Euphausia pacifica), key zooplankton prey groups for the seabirds in British Columbia (Bertram et al., , 2009 Hedd et al., 2002; Hipfner, 2008 Hipfner, , 2009 . We compared our aerial telemetry results with analyses of at-sea distributions of Cassin's Auklets, derived from ship-board transect surveys.
Methods
Field work was conducted at Triangle Island (50°52'N 129°05'W), the largest and most diverse seabird colony in Western Canada, with a long history of seabird research, recognized as an internationally Important Bird Area (Scott Islands Group, BC006) and with the land protected as a provincial Ecological Reserve (Anne Vallée). The remote and rugged seabird colony is in a unique oceanographic position at the northern end of the California Current Ecosystem, 26 nautical miles offshore of the northern tip of Vancouver Island in the North Pacific, the outermost of the Scott Islands. We conducted an integrated ecosystem study of Cassin's Auklet foraging ecology by forming a partnership among the Fisheries and Oceans Canada (DFO), Environment Canada, and Simon Fraser University, Centre for Wildlife Ecology. We present data on (1) marine distributions of birds from air-borne radio telemetry (1999) (2000) (2001) and ship board transect surveys (1990-2010); (2) nestling diet on Triangle Island (1999-2001); and (3) regional zooplankton surveys (1999) (2000) (2001) . When there was more than one zooplankton survey in a year we present the zooplankton results for the cruise which was closest in time to the telemetry flights to best match the timing of the dates of plankton sampling and dates when marine bird foraging locations were determined.
Marine distributions of Cassin's Auklet
We measured marine bird distribution patterns in two ways which addressed different time frames and different resolutions of spatial scale. The first method tracked individual breeding birds using airborne very-high frequency (VHF) telemetry at specific times for periods ranging from days to weeks, over three breeding seasons. This allowed us to compare the foraging locations within and between years as well as in relation to a concurrent zooplankton sampling program at sea. The second method used seabird density data derived from at-sea strip transect surveys onboard ships of opportunity over a 20 year period. We compared our aerial telemetry results with analyses of at-sea distributions of Cassin's Auklets, derived from ship-board transect surveys.
Aerial Radio telemetry
We attached 2.2 g VHF transmitters to breeding Cassin's Auklet in 1999 (n=39), 2000 (n=35), and 2001(n=38) on Triangle Island. The radio signals from individual birds were detected from a de Havilland Beaver float plane fitted with antennae, flying at high altitude (~3000 m) covering surveys grids (up to 5.1 million ha) over the open ocean. The VHF radio telemetry methods are presented elsewhere in detail (Boyd et al., , 2008 Ryder et al., 2001; McFarlane Tranquilla et al., 2005) . We assumed that the Cassin's Auklet detection locations, based on VHF radio telemetry represented marine areas where adults foraged during the day for self-maintenance, and also where they captured prey for delivery to their single nestling upon returning to the colony at night. In this report we use a single detection to represent the location of each bird that was closest in time to the zooplankton sampling date. We visualized locations with the 95% Kernel Home Ranges (KHR) previously reported by Boyd et al. (2008) based on telemetry data collected for all of the tagged birds during the same year. We use the term "kernel home range" or KHR throughout to be consistent with the work of Boyd et al. (2008) .
At-sea strip transect surveys
The at-sea data were collected by skilled observers placed on ships of opportunity (i.e., whenever possible) to conduct seabird counts using fixed-width strip transects (see Kenyon et al. (2009) for detailed methodology and summaries for data collected). A density surface was created for Cassin's Auklet (birds/km 2 ) based upon two decades of at-sea survey data, collected during the chick rearing period (May-July) in the vicinity of the Triangle Island (at-sea bird observations are shown in Fig. 4b to represent the number of surveys and spatial extent). This density surface represents an average May-July distribution over these 20 years. To create the density surface a negative binomial Generalized Additive Model (GAM) was used based on Cassin's Auklet at-sea abundances as the response variable, and location (latitude and longitude as Equal Area Albers coordinates in metres) and square-root transformed depth as predictor variables. Effort was used as an offset variable, and effort was log transformed to be consistent with log link function of the negative binomial GAM. The GAM was developed using the Mixed GAM Computation Vehicle (MGCV) package in R (R Development Core Team, 2008), with thin-plate regression splines as smooth terms for both location (bivariate with 40 knots) and squareroot depth (2 knots). The GAM was developed using Restricted Maximum Likelihood to estimate the smoothing parameters with inflated model degrees of freedom (gamma = 1.4) to reduce model overfitting as suggested by Wood (2016) . The GAM was then used to predict Cassin's Auklet densities onto a 1×1 km grid (BC Albers Equal Area projection) to produce a density surface.
Nestling diet sampling
The diet of nestling Cassin's Auklet was sampled on Triangle Island at 10 d intervals (n=2-39), from mid-May until the end of June in each year (1999, 2000, 2001) . Adult birds, returning to the colony at night were captured and we collected meals intended for nestlings by assisting the parents to regurgitate the contents of their gular pouch into a funnel (see Hedd et al. (2002) for more detailed methods). Zooplankton identification and enumeration was conducted by the same taxonomist who performed the ship-based zooplankton work (MG) to ensure consistency (see below). Zooplankton in the nestling diet was grouped into the following categories: Copepods, Decapods, Euphausiids, Fish, Hyperiids, Neocalanus, & Remainder.
Zooplankton sampling
We established a cross-shelf transect of sampling stations with two variants (T and CS) and conducted cruises in 1999, 2000, and 2001. The T11  T10  T09  T08  T07  T06  T05  T04  T03  T02 
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T (Triangle, Fig. 1a ) line was conducted on the CCGS W.E. Ricker in June and the CS (Cape Scott) line was conducted on the CCGS John P. Tully in May of each year. The Tully cruises also sampled from additional stations near the CS line (Fig. 2a) . Vertical bongo tow plankton samples were taken at each station (near bottom to surface on the continental shelf, 250 m to surface over the continental slope and beyond). Zooplankton identification and enumeration was done by a single observer (MG). Methods of plankton collection and data presentation are described in detail elsewhere (Mackas et al., 2007) . We present the zooplankton results (in g/m 2 at each station) for the cruise which was closest in time to the telemetry flights in each year to best match the timing of the dates of plankton sampling and dates when marine bird foraging locations were determined. To facilitate comparison with bird diets, the zooplankton were assigned to the following groups: Copepods, Chaetognaths, Decapods, Euphausiids, Fish, Hyperiids, Larvaceans, Neocalanus, Pteropods, Salps + Doliolids, Other jellies, Remainder. 
Results
The 1999 telemetry data indicated that Cassin's Auklets were located primarily in deep waters SW of Triangle Island with the largest KHR polygon centered and extending along the 2000 m isobath and a smaller polygon located over the 200 m and 1000 m isobaths (Fig. 1a) . On 10 June the birds were detected along the transect line near stations T8 and T9 and up to 80 km south of the line (ca. 100 km away from the colony). Two weeks later (23-24 June), the birds were more tightly of the deep-water-dependent copepod Neocalanus cristatus (Fig. 1b) at station T10. N. cristatus was the dominant prey delivered to nestlings on Triangle Island throughout the 1999 breeding season, and accounted for 35-66% of the diet during the zooplankton sampling and telemetry survey periods (Fig. 1c) . It is noteworthy that station T11 had five times as much N. cristatus as station T10 on 23-24 June, but the majority of Cassin's Auklets were detected closer to the colony, at or near T10. 
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The year 2000 telemetry data showed that the seabirds were again primarily foraging offshore in deep-waters, W of Triangle Island, with the KHR polygon covering a wider range of isobaths (200 m, 1000 m, and 2000 m). On 31 May-1 June birds were 40-50 km W of the colony, between stations CSO2, CS3B, and ODAS (Fig. 2a) . The zooplankton sampling on 9-10 May (Fig. 2b) showed dense concentrations of N. cristatus at all deep-water stations, with a peak value of 24 g/m 2 . Even the station nearest to Triangle Island, situated on the continental shelf, had a relatively high concentration of N. cristatus (2 g/m 2 ). Euphausiids were also present at deep-water stations, including CSO1with densities of~2 g/m 2 . Station CSO9, close to a deep-water trench (900 m), showed high concentrations of N. cristatus and euphausiids, but no Cassin's Auklets were observed that far onto the shelf during the surveys aerial survey. Later in the breeding season (15-16 June), tagged, breeding adults were located in roughly the same general area, albeit farther from the colony. From 19 May through 28 June, N. cristatus represented 36-51% of the nestling diet, with the remainder being primarily euphausiids (Fig. 2c) .
In contrast to 1999 and 2000, there were far fewer Cassin's Auklets detected close to the zooplankton sampling transect line in 2001. Most tagged birds were detected up to 100 km NW of the colony, near the offshore mouth of a marine canyon (delineated by the 200 m and 1000 m isobaths, Fig. 3a) . The zooplankton sampling that occurred within one week of the aerial survey flights revealed low concentrations of N. cristatus and euphausiids at deep-water stations (Fig. 3b) . In contrast to other years, salps, doliolids, and hyperiid amphipods dominated deep-water stations (Fig. 3b) . Despite N. cristatus and euphausiids remaining a dominant component of the nestling diet (Fig. 3c) in 2001 , the N. cristatus component was the lowest on record (24%) on the diet sampling date (28 May) closest to the zooplankton sampling date (31 May; Fig. 3c ). At that time (28 May) hyperiid amphipods were observed at record levels (~30%) in the nestling diet. More birds were recorded foraging over the shelf in 2001 than in previous years.
General at-sea spatial distribution during breeding season
The home ranges based on telemetry overlapped considerably in 1999 and 2000 with the largest concentrations of Cassin's Auklet offshore, in deep water (Fig. 4a) . In contrast, the 2001 home range showed much less overlap with the previous years and indicated that the birds moved considerably more northward in that year alone. The general spatial pattern over 20 years (i.e., based on the GAM output) predicts densities of Cassin's Auklet distribution during the months of May, June, and July to be highest directly offshore of Triangle Island, in waters > 1000 m (Fig. 4b ). Densities were also predicted to be relatively high to the north along the shelf break.
Discussion
Our results demonstrate that in 1999 and 2000 the Cassin's Auklets nesting on Triangle Island foraged in deep waters (1800, 1400 m respective averages, Boyd et al., 2008) well beyond the continental shelf where their preferred prey, N. cristatus and euphausiids, were abundant. The life history of these prey require deep-water oceanic habitats, so it is not surprising that Cassin's Auklet were foraging in deep offshore waters. Indeed, the close proximity of Triangle Island to deep waters and predictable zooplankton biomass may explain why the world's largest Cassin's Auklet population nests there (Mackas and Galbraith, 1992) . Although the birds can easily fly long distances, our data support the concept that they do not fly any farther than they need to in order to forage. In 1999, the timing of the telemetry and the zooplankton sampling occurred on the same day, and thus provided a particularly relevant snapshot of what was available to the auklets in surface waters around the colony. The birds foraged near station T10 where N. cristatus was available at~2 g/m 2 and did not fly farther to station T11 where prey density was five times higher (than T10). Our results could be explained and modelled using aspects of foraging and life history theories but such treatment is beyond the scope of this empirical study. We found that auklets shifted north to an alternative foraging area to track their preferred prey distribution in 2001. In stark contrast to 1999 and 2000, in 2001 there were very few N. cristatus or euphausiids at the deep-water (1000-2000) stations and foraging birds were generally not found in these regions, SW of the colony. Salps were present in extraordinary densities at offshore stations (DLM, MG pers. obs., Mackas and Coyle, 2005) . Salps are deep-water residents that can form extensive colonies in surface waters (Mackas and Galbraith, 1992) . They consume and displace zooplankton which could account for the D.F. Bertram et al. Deep-Sea Research Part I xxx (xxxx) xxx-xxx virtual absence of preferred prey at deep-water stations in 2001. The auklets must have consumed salps, particularly on 28 May 2001, because hyperiid amphipods were found in the nestling diet and these amphipods are commensal with jellies like salps (Gasca and Haddock, 2004) . Despite the paucity of N. cristatus and euphausiids at deep-water stations (1000-2000 m), the nestling diet composition revealed that the foraging parents found their preferred prey at different locations (see also Santora et al. (2011) ) north of the colony over a large submarine canyon (200-1000 m) on the shelf break. In 1999 and 2000, 95% Kernel Home Range (KHR) estimates coincided and were similar in size; but in 2001, there was almost no overlap with the previous years and the KHR was much larger (Boyd et al., 2008) , with birds flying farther away from the colony and appearing to forage over a much wider area. Within limits (e.g., Ronconi and Burger, 2008) , parent seabirds can buffer changes in prey availability by working harder (Burger and Piatt, 1990; Bertram et al., 1996) , and flying further from the nesting site in search of prey. It is noteworthy that nestling growth rates in 2001 (4.5 g/d, n=58) were close to the long term running average at the time (4.7 g/d), but lower than the exceptionally good years of 1999 (5.4 g/d, n = 57) and 2000 (5.3 g/d, n=63; DFO, 2002). Our telemetry work contrasts with similar research in California where Cassin's Auklets foraged within 30 km of the colony (Adams et al., 2004a) at stable locations associated with a highly productive marine region located downstream from a major upwelling zone near Point Conception (Adams et al., 2004b) . In California, the birds consumed primarily euphausiids on the shelf break and larval and juvenile fishes that were concentrated at a persistent cyclonic eddy located in the western Santa Barbara Channel.
In addition, at-sea surveys around the Southeast Farallon Island breeding colony highlighted persistent areas of high use by foraging Cassin's Auklets around Cordell Bank and the Farallones Escarpment, areas in which krill consistently occur (Manugian et al., 2015) . Although persistent foraging hotspots were identified the authors argued that predator prey relationships likely vary with local and wide scale oceanographic conditions which can lead to changes in seabird densities in response to variability in krill and forage fish abundance (see also Sydeman et al. (2015) ). Note that Neocalanoid copepods are a dominant member of the spring mesozooplankton community in the subarctic North Pacific and Bering Sea but their distribution does not extend as far south as California and consequently they are unavailable to planktivorous seabirds in the region.
Neocalanus copepods are also important prey for other small alcids such as the Least, Crested, and Whiskered Auklets (Aethia pusilla, A. cristatella, A. pygmaea), which breed in the Aleutian Islands (Bond et al., 2011b) and northern Bering Sea (Hunt et al., 1993; Gall et al., 2006 ). An early study coupling seabirds and oceanography in the Chirikov Basin (Hunt et al., 1990) demonstrated that Least Auklets foraged in greatest numbers where Neocalanus was present and the water was strongly stratified, and where prey was concentrated near the surface around the breeding colony on St. Lawrence Island (40-65 km, Obst et al., 1995) . Additional research confirmed that nestling survival of the Least Auklets and Crested Auklets was enhanced when they were fed more Neocalanus on St. Lawrence Island (Gall et al., 2006; Sheffield Guy et al., 2009 ). An important contrast with diet studies in other northern regions (our study and colonies in the Aleutian Islands, Bond et al., 2011b) is that Chirikov Basin averages less than 50 m depth. Neocalanus are advected into the St. Lawrence colony area by the Anadyr Current which originates from the deep Bering Sea (Springer et al., 1989; Hunt et al., 1990 ) and the copepods cannot complete their life cycles at the shallow depths on the shelf. On St. Lawrence Island, interannaul differences in nestling survival, and diet of Least and Crested auklets, is likely associated with the strength of the cold, nutrient-rich Anadyr Current, which passes in close proximity to the seabird colony and influences zooplankton productivity, distribution (Gall et al., 2006) and hence foraging locations of auklets.
In our study system, the foraging Cassin's Auklet tended not to use waters over the continental shelf and headed to the offshore deep water habitats of their preferred prey. Zooplankton prey are usually transported seaward during summer by upwelling processes (Mackas and Coyle, 2005) and by westward currents around Scott Island during the breeding season (Borstad et al., 2011) . Rapid nestling growth is positively associated with dietary levels of N. cristatus (Bertram et al., , 2017 Hedd et al., 2002; Hipfner, 2008 Hipfner, , 2009 ) and Cassin's Auklet will seek their preferred prey in waters on the shelf break and beyond when the copepods are present. However, the exact foraging locations in relation to the colony can vary among years by up to 100 km as our results demonstrate, and therefore, are less predictable on a smaller spatial scale. Our data, coupled with other studies of breeding plantivorous auklet foraging locations collectively indicate that results are colony specific and will be strongly influenced by the presence and distribution of preferred prey, the habitat needs of prey throughout their life cycle in relation to depth, regional currents patterns, and spatial patterns of other zooplankton predators and competitors. Our research has contributed to the rationale for the boundaries of a marine National Wildlife Area (mNWA, Environment Canada, 2013; Canada Gazette, 2016, Figs. 1-4) , which will provide protection for a wide range of marine life. This is first time that Canada has used seabird foraging locations to help define a protected area. The boundaries proposed for the mNWA encompass the highest predicted densities of the GAM output based on twenty years of at-sea survey data , as well as the 1999 and 2000 VHF telemetry-generated home ranges, and the southern part of the 2001 home range. The consistency between the GAM output based on at-sea survey data with the KHRs based on tracking data indicates that birds observed at sea were likely from Triangle Island.
The proposed mNWA was based upon multiple considerations, and many species of seabirds including breeding Cassin's Auklet (Environment Canada, 2013) . The mNWA would comprise 11,546 km 2 of entirely marine environment, composed of internal waters, the territorial sea and the exclusive economic zone of Canada. The Scott Islands proposal reflects Canada's commitment to the United Nations Convention on Biological Diversity, to conserve at least 10% of its coastal and marine area by 2020 in order to conserve marine biodiversity (Canada Gazette, 2016) .
The proposed mNWA does not include all of the known Cassin's Auklet foraging areas but represents a major advance because it includes significant amounts of deep-water habitat, which were missing from a much smaller proposed area (0.591 km 2 ), prior to our telemetry study (Kenyon et al., 2007; M. Dunn, pers. comm.) . Protection of such deep-water foraging habitats near Triangle Island is important because oil discharges from ships are highly likely to occur in the region. The proposed mNWA would be supported by increased surveillance in the region for ship-based discharges, which should act as a deterrent to pollution (O'Hara et al., 2013) and thus benefit all seabirds and marine life in the ecosystem. Prohibitions against fishing for the forage species Pacific sand lance (Ammodytes personatus), Pacific saury (Cololabis saira), and North Pacific krill (Euphausia pacifica) will also benefit upper trophic level predators including seabirds, marine mammals and fishes in the proposed mNWA. Ongoing graduate studies of Cassin's Auklet foraging tracks using GPS tags will further inform decisions regarding the proposed boundaries for the Scott Islands mNWA (J. M. Hipfner, pers. comm.) .
Measures of seabird foraging and reproductive performance can provide unique insights into marine ecosystems and can act as indicators of changes in prey populations (e.g., Piatt et al., 2007; Parsons et al., 2008) . The establishment of a mNWA around the Scott Islands could help to ensure the support required to gauge seabird population trends and their causes in the Northeast Pacific through ongoing long term research and monitoring at Triangle Island, the sentinel seabird colony at the northern tip of the California Current Ecosystem.
Our research demonstrates the value of annual time series monitoring data and the value of integrating multiple sources of data to D.F. Bertram et al. Deep-Sea Research Part I xxx (xxxx) xxx-xxx address issues which concern the conservation and management of marine species. The integrated ecosystem program on Triangle Island continues, and is the longest running time series of its kind in BC.
Ongoing integrated research and monitoring will be able to detect changes in marine food webs in relation to ocean climate change (e.g., Bond et al., 2011a; Bertram et al., 2017) , which could lead to temporal and spatial shifts in prey populations and, in turn, changes in the foraging distributions and success of breeding seabirds.
